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Onk.  Sih  rr 


INCREASING  use  is  being  made 
of  distributed-constant  electro- 
magnetic delay  lines  as  circuit  ele- 
ments in  present-day  electronic 
equipment.  The  characteristic  im- 
pedance of  these  lines  has  been 
limited  to  values  between  400  and 
3,000  ohms.*  ’ Applications  exist 
for  lines  with  higher  characteristic 
impedance.  A brief  discussion  of 
the  factors  that  determine  the  delay 
time  and  characteristic  imped. ince 
will  first  be  given,  then  ways  of 
increasing  the  characteristic  imped- 
ance will  be  discussed  in  detail. 

The  delay  time,  phase  velocity, 
and  characteristic  impedance  of  a 
distributed-constant  delay  line  can 
be  derived  from  the  simplified 
equivalent  circuit  of  Fig.  1 where 
all  losses  have  been  neglected.  These 
are 


= v'fc  (1) 

8 = \'LC  2) 


where  L =;  inductance  per  unit 
length  and  C = capacitance  per 
unit  length.  If  R and  G,  the  resist- 
ance and  conductance  per  unit 
length,  are  present  but  R <<  hi  L 
and  G <^:  C the  following  more 

genera!  equations  apply* 


Ti  = y’Lc 


* This  article  is  based  on  a paper  pre- 
sented at  the  1952  National  Electronics 
Coaference.  The  conference  paper  w'JIl 
appear  In  the  N.E.C'.  Proccedinos. 


PC, \ 


It  has  been  found  that  tlio  attenu- 
ation of  delay  lines  increases  ver\ 
rapidly  with  freiineiuy  above  sev- 
eral megacycles.*  The  largest  part 
of  this  increase  was  attributed 
to  insulation  loss.  Fxperi mental  evi- 
dence in  the  form  of  lines  wound 
with  low-loss  hand-coated  wires 
substantiates  this  fact.  At  high  fre- 
quencies R is  proportional  to  \'f. 
From  reference  4 it  is  estimated 
that  G is  proportional  to  /‘  for  For- 


Miex  insulated  wire. 

It  has  been  observed  that  the  iii- 
duetaiiee  of  a delay  line  decreases 
.’it  higher  i requencies.*  " ’ This  is 
caused  by  phtise  shift  per  turn  in- 
rrott.sing  so  that  although  .he  turns 
are  still  magnetically  linked  as  th.e 
frequency  increttsos  they  add  loss 
and  less  to  eticli  other's  nitignotic 
field.  .\  i)lot ' of  iiornntlized  indiict- 
e.nee  L L,  and  time  dclav  T T,  vs 

//•-.  _ 

I ■ 

tippears  in  F’ig.  2 where  d = di.tm- 
eler  of  line,  T,  — time  delay  for  low 
frcqite.Mcic.s,  I — length  of  line  and 
f = frequency. 

The  effect  of  turn-to-turn  capac- 
ittinco  has  been  studied. ‘ * At  low 
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Artificial  Delay  Lines 


Dislril)uted-ronstant  delay  lines  for  short  pulses  may  be  designed  with  eharacteristic 
impedances  as  high  as  10,000  ohms.  Typical  line  is  10  in.  long,  0.2  in.  in  diameter,  weighs 
less  than  10  grams  and  provides  dela\  of  3.7  microseconds 


frequencies  the  effect  of  this  capac- 
itance is  negligible  as  the  phase  of 
the  voltage  in  each  turn  of  the  coil 
is  the  same.  As  the  frequency  in- 
creases the  phase  of  the  voltage  in 
each  turn  changes.  Thus  the  effect 
of  the  turn-to-turn  capacitance  in- 
creases with  frequency  until  the 
phase  shift  per  turn  equals  360 
degrees.  This  turn-to-turn  capac- 
itance has  the  effect  of  increasing 
C to  the  value 


C = 


c. 


(7) 


where  oi  is  the  angular  frequency 
of  the  input  signal 

(D 


L'C' 


where  L'  = L 'S  = effective  in- 
ductance per  turn,  C'  is  the  self 
capacitance  between  two  adjacent 
complete  turns  and  C.  is  the  capac- 
itance per  unit  length  from  wind- 
ing to  core  at  low  frequencies. 

The  inductance  thus  decreases 
with  frequency  and  the  capacitance 
increases  with  frequency.  If  the 
magnitude  of  these  two  effects  were 
the  same,  delay  tin'.e  would  be  con- 
stant ’.vith  respect  to  frequency.  If 

9 1 

> 13  (X  = wavelength)  a fair 

a 

equalization  of  delay  time  could  be 
obtalnod.*  This  would  require 


where  K,  = dielectric  constant  of 
wire  insulation,  x = diameter  of 
wire.  ,9  =:  wire  separation  and  d - 
diameter  of  coils. 

Substituting  S'  = I x (for  a close 
wound  coil)  and  Eq.  9 in  Eq.  8 we 
obtain 


K.'x*  - 


sn<p 

15 


(10) 


where  C is  in  micromicrofarads  per 
axial  centimeter. 

The  equalization  of  delay  time  by 
this  procedure  is  done  at  the  ex- 
pense of  decreasing  characteristic 
impedance. 

Another  method  of  equalization 
of  the  delay  time,  likewise  at  the 
expense  of  characteristic  imped- 
ance, is  the  use  of  patches.*  * Patches 
are  bridging  capacitors  over  a num- 
ber of  turns,  effectively  increas- 
ing C as  the  frequency  increases. 
Lumped-constant  phase  correcting 
networks  have  also  been  studied.'" 


Wz 


L/2 

— 
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FIG.  2 — Curr*s  thow  on  lino  In- 

ductonco  and  dolay 


Equations  1 through  6 are  de- 
rived on  the  assumption  that  the 
parameters  R,  L,  G and  C remain 
constant.  Above  a certain  frequency 
we  now  see  that  R is  proportional 
to  \7,  G is  proportional  to  /*,  L 
decreases  with  increasing  frequency 
and  C increases  with  increasing 
frequency. 

The  resistance  effect  may  be 
minimized  by  using  small  wire  sizes 


FIG.  1 — SimplUltd  •ciuiTalent  circuit  oi  a dlitrlbutad. constant  dolay  line  of  helix 

parameters 


FIG.  3 — Slmpllilsd  block  diagiom  ol 
setup  for  testlnq  distributed-constant 
lines 


ELECTRONICS  — 4pfi/,  J953 


189 


surh  as  B & S RaiiKO  numbers  41, 
44,  46  and  48,  Little  can  bo  done 
about  the  conductance  except  to  use 
low-loss  insulation.  TeHon-in.sulatod 
niagnet  wire  is  now  available  which 
should  have  much  lower  insulation 
los.s.  The  effects  on  both  L and  C 
may  be  reduced  appreciably  by 
winding  the  lines  on  a small  diam- 
eter form  such  that  the  phase  dif- 
ference per  turn  is  reduced.  As 
shown  by  Eq.  3 one  could  increase 
the  characteristic  impedance  by  in- 
creasing L or  decreasing  C.  If  C 
wore  decreased,  the  time  delay 
would  decrease. 

H/gh-Z  Lines 

The  purpose  of  the  investigation, 
reported  in  this  paper,  was  to  pro- 
duce lines  having  relatively  large 
delays  and  high  characteristic  im- 
pedances. To  achieve  these  goals 
both  L and  C were  increased,  but  L 
was  incre.ased  by  .a  considerably 
larger  factor  than  C. 

To  obtain  as  large  a delay  as  pos- 
sib'e  it  was  decided  to  use  the  com- 
plete core  as  a ground.  The  capac- 
itance per  unit  length  can  be  varied 
by  controlling  the  thickness  and 
dielectric  constant  of  the  insulation 
material  placed  between  the  core 
and  the  winding.  This  large  capac- 
itance per  unit  length  would  neces- 
sitate a correspondingly  large  in- 
ductance per  unit  length  to  secure  a 
high  characteristic  impedance. 

The  secret  of  success  for  the  high 
characteristic  impedance  line  is  the 
method  of  obtaining  the  high  in- 
ductance. First,  a small  wire  size 
was  chosen.  As  B & S gauge  No.  48 
copper  magnet  wire  had  a large 
attenuation  and  was  too  easily 
broken  mo.st  of  the  work  was  done 
with  No.  46  wire.  With  this  wire  a 


b;mk  winding  with  approximately 
3 layers  was  found  necessary  to 
obtain  the  necessary  inductance. 

The  theoretical  discu.ssion  of  the 
compensation  of  a multilayer  line 
will  not  be  taken  up  at  this  time. 
The  problem  is  quite  complex  with 
self  capacitance  from  one  turn  to 
several  neighboring  turns  and  has 
not  been  completely  .solved.  The  dis- 
cussion of  the  variation  of  time 
delay  with  freipiency  in  the  pre- 
vious section  is  directly  applicable 
only  to  single  layer  lines.  A com- 
parison of  the  calculations  for 
single  layer  lines  with  the  experi- 
mental results  of  multilayer  lines 
appears  later  in  this  paper. 

Line  Construction 

The  line.s  were  wound  on  A-inch 
diameter  polystyrene  cores  12 
inches  long.  These  cores  were  given 
several  coats  of  silver  conducting 
paint  to  form  the  ground  stri)). 
.\ftcr  an  overnight  drying  period, 
the  core.s  were  axi.'illv  sloiicd  form- 
ing 36  thin  strip.s,  each  strip  being 
about  O.Ot.'i  incli  wide  between 
0.003-ineb  slots.  A one-inch  bngth 
of  the  cere  was  left  unslotted  to 
facilitate  the  coniKcfion  of  tin'  ex- 
ternal ground  lead. 

The  core  was  covered  with  a layer 
of  insulating  material  to  serve  the 
dual  purpose  of  insulating  and  con- 
trolling the  winding-to-corc  capac- 
itance. A 0.8.')  V 11.,')  inch  piece  of 
Tellon  l.ape  0.003  inch  thick  was 
wound  arf'Und  the  core.  This  made 
1.4  turns  around  the  core.  A num- 
l)er  of  small  pieces  of  cellophane 
tape  held  the  Teflon  on  the  core 
until  the  line  was  wound.  The  t.ape 
was  removed  piece  by  piece  as  the 
line  was  wound. 

The  winding  was  done  on  a lathe. 


To  provide  uniform  wire  tension, 
both  to  secure  a good  windinir  and 
to  prevent  breakage,  the  wire  feed- 
ing device  shown  in  the  photograph 
was  used.  The  wire  tension  is  ad- 
justable over  a range  of  about  10 
to  70  grams  and  is  continuously  in- 
dicjited  by  a pointer. 

A wire  guide  attached  to  the 
longitudinal  feed  of  the  lathe  was 
placed  about  A inch  from  the  core, 
which  was  chucked  in  the  lathe. 
The  longitudinal  travel  of  the  wire 
guide  was  0.00066  inch  per  turn. 
As  this  distance  is  a fraction  of  the 
wire  diameter,  the  result  was  a 
multiiile  layer  coil  approximately 
bank  wound.  The  far  end  of  the 
core  wa.s  attached  to  a counter 
chucked  in  the  tailstock.  A steel 
flrill  rod  was  inserted  through  a 
hole  in  the  core  for  rigidity.  A 10- 
inch  long  winding  was  wound  on 


FIG.  4 Vid»o  ampliher  circuit  diagram 


the  core.  Lines  have  been  wound 
with  speeds  var;.  ing  from  about  200 
to  ,')00  rpm. 

piece  of  No.  26  wire  was  sol- 
dered to  the  ends  of  the  winding 
and  securcil  to  tlu'  winding  with 
poly.styrene'dope. 

The  method  foi'  determining  the 
characteristic  impedance  of  the.se 
delay  lines  is  based  upon  the  fact 
that  no  reflections  occur  in  ;m  ideal- 


Toble  I — Summary  of  High-Impedance  Dislributed-Constcmt  Delay  Line  Characteristics 
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Slottrnq  device  (or  preparing  delay  line  corei<  Indexing  heod  Is  shown  to 
foreground 


CODSlcmt  tension  wlm  fe'>der  permits  use  ot  wire  os  sroali 
as  No.  48  in  delay  lines 


izod  dela.\  line  terminated  in  its 
cliara-toristio  impedance.  The  char- 
acteri.stie  imiu'daiu-e  of  a line  whose 
parameter.s  are  a function  of  fre- 
tpieiicy  would  most  certainly  be  a 
function  of  frequeney.  The  \-alue 
of  the  characteristic  impedance  in 
a practical  case  invohdnp  complex 
svaves  must  therefore  be  compro- 
mised for  minimum  refleetions 
over  the  band  of  frequencies  for 
whieli  the  line  is  designed  to 
operate. 

Measurements 

In  making  measurements,  the 
lines  are  terminated  at  the  input  as 
well  as  the  output  to  minimize  any 
possible  secondary  reflections  at  the 
input.  A suitable  means  of  deter- 
mining the  effective  characteristic 
impedance  when  the  line  is  used  to 
delay  rectangular  pulses  is  to  feed 
the  pulse  itself  into  the  delay  line 
and  to  adjust  the  terminating  im- 
pedarice.s  for  minimum  refleetions. 

A block  diagram  illustrating  the 
experimental  method  for  determin- 
ing the  ch.aracteristic  impedance  of 
these  delay  lines  and  for  recording 
the  response  of  the  delay  lines  to 
rectangular  pulses  appears  in 
Fig.  3. 

The  oscilloscope  svceop  is  trig- 
gered by  tlic  input  pulse.  A camera, 
mounted  on  the  oscilloscope,  records 


the  input  and  output  wave  shapes 
of  the  delay  line.  The  load  imped- 
ance of  the  video  amplifier  was 
made  equal  to  the  characteristic 
impedance  of  the  line.  A diagram 
of  the  video  amplifier  appears  in 
Fig.  4. 

The  pulse  di.stortion  and  attenua- 
lion  were  also  measured  with  the 
equipment  connected  as  shown  in 
Fig  .3.  using  the  o.scilloscope  cam- 
era. The  delay  time  as  well  as  the 
rise  and  fall  time  was  likewise 
measured  on  the  oscillo.scope.  The 
delay  time  was  defined  as  the  time 
between  the  midpoint  of  the  leading 
edge  of  the  input  and  output  wave 
forms.  The  rise  and  fall  times  were 
ricfiued  as  the  time  duration  be- 
tween the  10  and  90-pcrccnt  values 
of  the  pulse  amplitude.  The  pulse 
duration  was  defined  as  the  time 
between  the  10-pcrcent  values.  The 
attenuation  was  mca.sured  by  com- 
[laring  the  amplitudes  of  the  input 
and  output  pulses. 

Results 

The  data  on  a particular  line, 
typical  of  those  wound  follows : 

Core  diameter  is  0.188  inch,  with 
3G  slots. 

Dielectric  is  Teflon  0.003  x 0.85 
X 11.5  inches. 

Length  of  winding  is  10  inches 
with  1,520  turns  per  inch  (0.00066 


inch  per  turn)  of  No.  46  HF  wire 
0.0019  inch  in  diameter. 

The  electrical  characteristics  of 
the  line  measured  at  1,000  eps  were, 
= 3,660  ohms,  L = 22.1  mh, 
G = 0 and  C = 652.1  n|if. 

Impedance  and  time  delay  calcu- 
lated from  these  measurements,  are 
.2'.  = 5,830  ohms  and  G =3.8  micro- 
seconds. The  experimental  data 
obtained  on  this  line  were  Z.  = 
5,600  ohms  resistance  in  series  with 
a parallel  network  of  a hundred- 
microhenry  choke  and  a 2,200-ohm 
resistance  (determined  for  mini- 
mum retleetion  'vith  0.3-miero- 
seeond  pulse). 

Time  delay  was  3.75  microseconds 
and  L,  = rise  time  of  1-asec  input 
pulse  = 0.1  microsecond;  L = rise 
time  of  1-fisec  output  pulse  = 0.14 
microsecond  as 

(r-  (11) 

where  = rise  time  output  pulse 
if  a perfect  input  pulse  were  applied 
to  the  line.  Thus  = 0,1  [a  sec. 

Photographs  of  the  input  and 
output  waveforms  appear  in  F4g.  6 
for  pulse  durations  of  0.30,  0.37, 
0.62  and  1.0.  Input  and  output 
waveforms  superimposed  to  a larger 
.scale  are  also  included.  The  reflec- 
tions appearing  between  the  input 
and  output  pulses  no  doubt  occur 
at  points  where  the  spill  over  from 
true  bank  winding  was  particu- 
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FIG.  5 — PuU«  r«iponi«  of  S.600-oha  Un«  wound  with  No.  46  wlx* 


FIG.  6 — PuUo  response  of  5. 800-ohm  lino  wound  with  No.  44  wire 


larly  bad.  All  photographs  were 
taken  with  the  same  value  of  term- 
inating impedance  which  was  the 
value  obtained  as  the  best  imped- 
ance match  with  a 0.3-.isec  pulse 
applied.  In  the  case  of  the  longer 
pulse  durations,  slightly  better 
waveforms  can  be  secured  by  re- 
terminating  the  line.  An  example 
will  be  shown  later. 

Substituting  in  Eq.  10,  on  the 
supposition  that  this  equation  holds 
for  a bank  winding,  we  find  the 


winding-to-core  capacitance  should 
be  0.29  uuf  per  centimeter  for 
inoper  eciualization.  This  value 
was  obtained  using  3.6  for  the  di- 
electric constant  of  Formex  and 
0.0002  inch  as  the  thickness  of  the 
dielectric.  From  the  measurements, 
the  capacitance  to  core  was  25.7 
(i;j.f  per  eentirr.eter.  The  effect  of 
the  stray  capacitance  is  therefore 
much  higher  for  the  multilayer  line. 
Equations  are  being  derived  which 
give  very  good  agreement. 


The  value  of  (.i„  may  b<-  calculate 
from  Eq.  7‘.  If  L'  ■=  1.4G  p.h  arc 
C'  — 2.2  ;j.u.f  from  E((.  9,  <.i,  - 
0.56  X 10”.  The  resonant  fre.ijucnc, 
thus  is  89  me. 

Resonant  Frequencies 

Resonant  frequeneies  of  121,  iGj. 
215,  235.  332  and  375  me  were  ob- 
tained experimentally.  The  235-ir.i 
reading  had  a considerably  higher 
Q than  the  others  and  was  pi  ol;ah!' 
the  resonant  frequency  of  a single 
turn.  The  12-1-mc  frequency  had  ! 
very  low  Q.  No  readings  were  ob- 
served from  GO  to  124  me. 

The  thickness  oi  the  diolectrif 
used  in  calculating  the  resonant  fr.- 
qiiency  was  determined  by  mea.tnt- 
ing  the  feverall  diameter  of  the  in- 
sulated wire  with  1/10,009-inc!: 
micrometers.  The  wire  was  coatcJ 
with  X-Var  which  chemically  at- 
tacks the  Formex.  After  the  -viti 
was  wiped  clean  the  diameter  wn 
measured  again.  This  mothorl  doi- 
not  give  extreme  accuracy. 

The  resonant  frei|uency  of  tb" 
inductance  of  one  turn  and  the  cor 
cnpacitame  of  that  turn  i.-;  calci.- 
lated  to  be  368  me.  This  valu 
checks  the  375-mc  value  very  closely 
If  one  assumes  that  we  have  a 
fictitious  single  layer  winding  anl 
each  turn  has  an  inductance  3 time 
that  of  the  former  single  turn 
(L'  = 4.38  ph).  We  have  effective!/ 
lumped  up  the  inductance  of  thre; 
layers  into  one. 

If  the  equivalent  single-layer 
winding  outlined  above  is  assumed, 
the  resonant  frequency  of  the  in- 
ductance of  one  turn  and  the  capac- 
itance to  core  of  one  turn  is  212  me. 
This  checks  the  215  megacycl 
\-:ilue  very  closely. 

No  explanation  is  apparem  lo: 
the  124  and  the  332  megacycle  read 
ings.  The  fact  that  there  were  tw 
layers  of  insulation  over  40  perceir. 
of  the  core  and  one  layer  ovei-  G« 
percent  of  the  core  might  acconiv, 
for  some  of  these  resonances. 

Waveforms 

Photographs  of  the  wavi-f.g-ms  o; 
a line  of  similar  dimer.-sions  oxcop: 
1.5  layers  of  Teflon  and  wire  si/.i 
changed  to  No.  44  with  55  gram- 
tension  appear  in  Fig.  G.  Thi 
winding  was  approximately  -1  la.v- 
ers.  The  termination  was  the  same 
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exi'ept  tho  sc'iics  inductsince  was 
raised  lo  250  |ih.  A comparison 
of  Fijr.  5 and  6 shows  the  delay  and 
attenuation  to  be  slightly  less  for 
the  No.  4 1 lino  although  the  phase 
di.stortion  and  small  reflections 
ulos’.g  the  line  are  slightly  greater. 
Thi.^  is  i>robably  clue  to  the  spill 
over  being  greater  with  the  four 
layer  winding. 

A line  was  wound  using  1.8  layers 
(1.1  inch  wide  strip)  of  Teflon  and 
wire  size  changed  to  No.  48  with  20 
grams  weight  tension  with  an  aver- 
age of  2.2  layers  on  this  winding. 
The  terminating  impedance  used 
w as  the  same  as  in  the  previous  case 
except  the  series  inductance  was 
changed  to  200  ’ah.  The  line  was 
terminated  for  minimum  reflection 
using  a 0.;?-ij,sec  pulse  input.  The 
waveforms  of  this  line  appear  in 
Fig.  7.  It  will  bo  noted  that  the  at- 
tenuation has  increased  appreci- 
ably. There  is  more  ringing  on  the 
to])  of  this  wave.  The  line  was  re- 
terminated w-ith  a l-H-scc  pulse  ap- 
plied. The  terminating  impedance 
turned  out  to  be  a 5.G00-ohm 
resistor. 

Lines  with  higher  characteri.stic 
impedanees  than  5,000  ohms  have 
been  obtained  using  a i-inch  diam- 
eter core  and  23  la.vers  of  Teflon 
tape.  The  characteristic  impe>latice, 
when  terminated  with  a O.S-asec 
pulse  applied,  was  increased  to 
0,000  ohms  in  series  with  a 400-gh 
choke.  The  input  impedance  (shunt 
impedance  in  output  of  video  ampli- 
fier) was  7,400  ohms  in  series  with 
an  inductance  of  400  ah.  Photo- 
graphs of  the  waveforms  of  this 
line  appear  in  Fig.  8. 

This  particular  line  had  only 
14,105  turns  and  the  winding  was 
0 15  inches  long.  It  h.'cd  a time  delay 
of  4.6  asec,  or  a time  delay  of  almost 
0.5  psec  per  inch.  WL.cn  the  line 
was  reterminated  using  a 1-gsec 
pulse,  the  terminating  impedance 
turned  out  to  be  <a  10,200-ohm  re- 
sistor. The  output  impedance  of  the 
video  amplifier  was  increased  to 
11,000  ohms.  The  waveforms  of 
this  termination  also  appear  in  Fig. 
8.  This  line  was  wound  with  No.  44 
wire. 

The  characteristics  of  these  lines 
are  compared  in  Table  1.  The  real 
part  of  the  terminating  impedance 
(the  beat  value  for  O.S-ttsec  pulses) 
is  listed  in  all  case.s.  In  the  case  of 


the  high  characteristic  impedajice 
line,  the  characteristics  for  the  best 
one-microsecond  pulse  termination 
also  appear.  The  attenuations  listed 
were  measured  values  with  a one- 
microsecond  pul.se  applied  to  the 
line.  From  Fig.  6 and  6 it  will  bo 
noted  that  the  attenuation  is 
greater  for  shorter  pulse  durations. 

From  the  data  presented,  delay 
lines  with  impedances  of  5,000  ohms 
and  reasonable  attenuations  for 
pulse  v\idths  less  than  l-|xsec  can  be 
obtained.  It  appears  likely  that 
lower  attenuations  can  be  obtained 
if  better  winding  technicpies  can  be 
developed  for  the  So.  44  gauge 
wire.  The  availability  of  Teflon- 
insulated  magnet  wire  in  small  wire 
sizes  should  aid  in  th.-;  reduction  of 
attenuation  and  improvement  of 
phase  respon.se. 

The  authors  are  indebted  to  J.  F. 


I’eoplcs  for  his  assistance  and  to 
M.  F.  Davis  for  his  encouragement. 
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riG.  7 — OscUlogramt  show  S.SOO-ohm  lino  wound  with  No.  4B  wire  lerminatod  lor 
Q 0.3  Msec  pulse  (top  and  middle)  and  1.0  Msec  pulse  (bottom) 


FIG.  8 — Oscillograms  show  eliect  of  dilleront  terminating  impedances  on  9.000- 
obm  line  rround  with  No.  44  wire.  Top  Is  terminated  lor  0.3  M>ec  pulse.  Bottom  Is 
terminaied  wltb  10.000-ohm  resistor 
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